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This study explores the optimization of ultrasonic horn heat treatment conditions for enhanced mechanical quality (Qm). The optimal parameters identified are a tempering temperature of 529°C and a 240-min soaking time, yielding a 1.3% experimental error. Frequency stability during welding is significantly improved, with the optimal horn exhibiting a minimal frequency variation of 64 Hz compared to 90 Hz and 82 Hz for other samples. Hardness varies with tempering temperature, reaching a peak of over 39.3 HRC at 450°C and dropping to 23.8 HRC at 650°C. Microstructural analysis reveals transformations in pearlite, spheroidization, and increased grain sizes in the optimal sample. Carbide precipitation is more pronounced in longitudinal sections and increases with higher tempering temperatures and soaking times. The presence of chromium alloying elements in SCM440 steel contributes to carbide formation. These findings underscore the critical role of heat treatment conditions in optimizing the performance of ultrasonic horns.
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1 INTRODUCTION
Advanced technology is evolving rapidly due to new materials and improvements in traditional ones (Papadakis, 1984; Toozandehjani et al., 2015). These innovative materials have exceptional properties, which can be harnessed efficiently through mechanical joining processes. To achieve this across various materials, it is crucial to use methods that reduce excess heat while maintaining joint quality. This boosts production efficiency and enhances final product quality.
Ultrasonic technology has emerged as a prominent choice within various technology-driven industries, taking the forefront in technological innovations. Ultrasonic vibrations have been extensively applied to a diverse range of mechanical joining processes, including ultrasonic plastic welding (Nguyen et al., 2020; Nguyen H. T. et al., 2021), ultrasonic-assisted welding (Kumar et al., 2017; Cheng et al., 2022; Fan et al., 2023), ultrasonic-assisted clinching (Nanaumi et al., 2014; Merklein et al., 2023) and ultrasonic-assisted bonding (Wang et al., 2021). Ultrasonic-assisted welded joints show the highest mechanical integrity, followed by ultrasonic bonding as the second-best option, while ultrasonic-assisted riveting performs less effectively (Ding and Wu, 2019). Within the realm of welding, ultrasonic technology falls under the category of solid-state welding methods, encompassing techniques such as ultrasonic-assisted friction stir welding (Ni et al., 2020; Zhao et al., 2021; Wu et al., 2022; Muhammad et al., 2023), ultrasonic spot welding (Ni and Ye, 2018; Chung et al., 2022), and ultrasonic arc welding (Era et al., 2009; Wang et al., 2020).
Moreover, ultrasonic-assisted Metal Inert Gas (MIG) welding has gained substantial popularity in the welding domain, particularly due to its applicability to both non-ferrous alloy and ferrous alloy metals. Extensive research has been conducted on MIG, highlighting its ability to reduce spatter (Xie et al., 2020), influence microstructure (Jose et al., 2016; Liu et al., 2017), and improve the mechanical characteristics of welded joints (Watanabe et al., 2010; Shu et al., 2012; Huang et al., 2019). The ultrasonic horn, also known as the sonotrode, assumes a pivotal role within ultrasonic welding equipment, directly impacting the quality and efficiency of the machining process (Nguyen et al., 2017). The design of the acoustic horn holds paramount significance in determining the overall quality and efficiency of machining (Nad, 2011). Typically, sonotrodes are constructed from materials with high fatigue strengths and low acoustic losses (Gür and Tuncer, 2005a). Among the materials commonly employed for ultrasonic horns, steel, titanium alloy, and aluminum alloy stand out. Steel, in particular, exhibits substantial potential for enhancing the performance of ultrasonic horns. However, the widely adopted heat treatment processes in manufacturing industries, aimed at bolstering the mechanical properties of steel, can inadvertently alter the sound wave propagation characteristics of heat-treated steel (Prasad and Kumar, 1994b; Bongyoung and Seung Seok, 2000; Spindola and Buono, 2020). Therefore, to ensure the desired mechanical properties and efficient sound wave transmission, materials used in the production of ultrasonic horns must undergo rigorous verification.
The interaction between bulk materials and ultrasonic waves has garnered significant attention in the field of material characterization. Ultrasonic waves, as they propagate through polycrystalline materials, disperse at grain boundaries, leading to phenomena such as scattering, reflection, energy loss, and attenuation. Wave speed and energy losses due to microstructure interactions are key factors in ultrasonic material characterization (Gur and Keleş, 2003; Gür and Tuncer, 2004). Researchers have diligently explored the correlation between ultrasonic wave transmission and several material characteristics, including microstructure, particle morphology, phase transformation, and the elastic modulus of individual grains. For example, Nguyen et al. (Nguyen T.-H. et al., 2021) conducted an investigation on 20CrMo ultrasonic horns, studying the influence of heat treatment on their performance by subjecting the horns to various tempering temperatures and soaking times, consequently observing changes in mechanical properties and sound wave transmission efficiency. Similarly, Gür and Tuncer (Gür and Tuncer, 2005b) explored phase transformation effects on sound velocity in AISI 4140 and AISI 5140 steels, revealing distinct wave velocity sequences in various steel phases. Keran et al. (Keran et al., 2017) explored the relationship between wave propagation direction, sound velocity, and grain orientation in cold-extruded aluminum samples, underscoring the profound impact of grain orientation on sound velocity and thus emphasizing the pivotal role of material microstructure in ultrasonic behavior. Aghaie-Khafri et al. (Aghaie-Khafri et al., 2012) investigated the interplay between ultrasonic attenuation, microstructure, and mechanical properties in AISI 301 stainless steel, revealing a direct correlation between annealing temperature, grain size, and mechanical properties. Additionally, Prasad and Kumar (Prasad and Kumar, 1994a) investigated longitudinal ultrasonic velocity and attenuation in cast steel post-deformation and various thermal treatments, detailing tempering’s impact on sound properties. Furthermore, Chaudhary and Sinha (Chaudhary and Sinha, 2008) delved into the velocity and attenuation properties in medium carbon steels, observing an increase in plastic deformation with the growing misorientation of recrystallized grains. Moreover, ultrasonic attenuation increased with the increasing interlamellar spacing of ferrite in pearlite, as well as the volume of ferrite. Zhu et al. (Zhu et al., 2019) carried out a comprehensive investigation into the microstructure of 9Cr-1Mo heat-resistant steel during creep processes involving ultrasonic parameters. Throughout the deformation procedures, ultrasonic attenuation exhibited a close correlation with the microstructure, particularly the dislocation damping arising from interactions between dislocations and precipitates. Precipitates, specifically carbides, underwent widening and coarsening as the precipitate average diameter increased, consequently fostering an increase in ultrasonic velocity.
The main goal of this study is to optimize the tempering temperature and soaking time parameters for SCM440 steel ultrasonic horns in the context of ultrasonic-assisted MIG welding. The research aims to significantly enhance the mechanical quality (Qm) and frequency stability of ultrasonic horns. Additionally, the study seeks to investigate the microstructural changes responsible for these improvements and understand the influence of heat treatment factors on the behavior of ultrasonic horns. The outcomes of this study hold the potential to advance ultrasonic welding technology and contribute to the design and production of ultrasonic horns with enhanced properties, catering to various industrial applications.
2 MATERIALS AND METHODS
2.1 Materials
In this study, an ultrasonic horn operating at a frequency of 28 kHz was designed and fabricated, Figure 1. This horn can be used to investigate the penetration of ultrasonic vibration on MIG welding 15). The chemical formulation of SCM440 in this experiment was shown in Table 1.
[image: Figure 1]FIGURE 1 | Ultrasonic welding horn of 28 kHz before heat treatment: (A) 2D model, (B) fabricated component.
TABLE 1 | The elemental composition of the specimens.
[image: Table 1]2.2 Design of the experiment and the heat treatment processes
DOE (Design of Experiments) is a powerful method using mathematical models to solve process issues. Response Surface Methodology (RSM) is a statistical approach that assesses the effects of factors, aiming to optimize a specific response, either a maximum or minimum value. In this study, RSM is used to find the best heat treatment process to optimize Qm, a vital parameter for ultrasonic horns, where damping is inversely related to Qm. Orthogonal-Array Composite Designs (OACDs) with 2 factors, each having 3 levels, and a total of 9 experiments are utilized, Table 2. The optimization parameters are tempering temperature x1 and soaking time during tempering x2. The regression equation is for estimating the dependent variable Y, known as the response with the independent variables x1 and x2. The regression equation can be written as:
[image: image]
TABLE 2 | Factors and levels in the DOE.
[image: Table 2]Where [image: image], [image: image], [image: image], [image: image] were the coefficients to represent the effect of each factor [image: image] and [image: image]. The [image: image] was the coefficient to represent the effect of the interaction between the factor [image: image] and [image: image].
The specimens were raised to the austenitizing temperature of 860°C and subsequently immersed in oil for quenching. The approximate soaking duration, calculated considering the carbon weight percentage, sample shape, and thickness, was 28 min. Tempering processes were conducted at three distinct temperatures: 250°C for 120 min, 450°C for 180 min, and 650°C for 240 min. Afterward, the samples were air-cooled, Figure 2. A comprehensive list of these processes can be found in Table 3.
[image: Figure 2]FIGURE 2 | A schematic representation of SCM440 steel heat treatments.
TABLE 3 | The array of heat treatment processes.
[image: Table 3]After completing all heat treatment processes, the ultrasonic horns underwent testing using the TRZ Analyzer to collect Qm values, which served as the outcome variables.
3 RESULTS AND DISCUSSION
3.1 Analysis of the established model
After conducting the experimental procedures, data is gathered and analyzed using MINITAB® version 21 software to assess the coefficients of the second-level regression equation and optimize the regression function. Table 4 displays the experimental values, predicted values, and residuals, which indicate the reliability of the mathematical model.
TABLE 4 | Design matrix for the mechanical quality factors Qm.
[image: Table 4]Comparison of the p-values to the significant level that removes the non-significant regression coefficient. At the significance level p = 0.05, the values a22 (p = 0.348) and a12 (p = 1.00) are rejected because the p-value of its coefficient is greater than 0.05, Table 5. The significance of factors on the response, including tempering temperature and soaking time during tempering, is evident due to p-values below 0.05. It is notable that the linear aspects of tempering temperature and soaking time during tempering, along with the squared tempering temperature term, are correlated with mechanical quality, Figure 3. Therefore, the mechanical quality will improve when these variables are increased. The values of R2 (99.59%) and R2 (adj) (99.35%) indicate that the regression model determines a high correlation between the actual and predicted values of the response, Table 6.
TABLE 5 | Analysis of variance for the mechanical quality factors Qm.
[image: Table 5][image: Figure 3]FIGURE 3 | Plots of Qm, termpering temperature and soaking time: (A) suface, (B) contour and (C) main effects.
TABLE 6 | Model Summary after eliminating the non-significant coefficients.
[image: Table 6]OACDs maintain coefficient independence, permitting the removal of non-significant coefficients without recomputing the regression equation. This leads to the following regression function in uncoded units after eliminating the non-significant coefficients.
[image: image]
The experimental model needs validation for theoretical model reliability under various conditions and at the optimal condition. Instead of using Chi-Square, model compatibility is evaluated by calculating the experimental error between theoretical and experimental values. A normal probability plot of residuals is used to confirm normally distributed residuals, where residual points create an almost straight line, Figure 4.
[image: Figure 4]FIGURE 4 | Normal distribution plot of residual values.
Based on the regression equation, the ideal conditions are at a tempering temperature of 529°C for 240 min. The experimental and predicted values under these optimal conditions are 5430 and 5358.3 for the mechanical quality factor Qm. The experimental error is 1.3%, indicating a relatively consistent difference between theory and actual values.
3.2 Horn analysis
The key parameters in the ultrasonic welding system include the anti-resonance frequency (Fa) and its corresponding impedance (Za) at Fa. Za exhibits its maximum electrical impedance modulus at Fa, leading to minimal current demand on the generator. Figure 5 displays the anti-resonance frequencies of heat-treated ultrasonic horns, with samples under optimal conditions at 529°C/240 min having the highest Fa value. The Fa value increases with longer soaking times. Figure 6 depicts the impedance at the anti-resonance frequency of the heat-treated ultrasonic horns. At a constant soaking time of 240 min, higher tempering temperatures result in higher Za values. Samples in the optimal conditions of 529°C/240 min have the highest Za value.
[image: Figure 5]FIGURE 5 | The anti-resonance frequency of the heat-treated ultrasonic horns.
[image: Figure 6]FIGURE 6 | The impedance at the anti-resonance frequency of the heat-treated ultrasonic horns.
3.3 Frequency in working condition
The horn is attached to the ultrasonic system and operated for 15 s to assess frequency variations. The experiment uses three high-Qm ultrasonic horns: No. 4 (650°C), No. 8 (450°C), and the optimal sample (529°C) in 240 min. In Figure 7, during a welding time of 15 s, the optimal ultrasonic horn (529°C/240 min) exhibits the minimum frequency variation of ∆f = 64 Hz, which is lower than that of sample No. 4 (∆f = 90 Hz) and sample No. 8 (∆f = 82 Hz).
[image: Figure 7]FIGURE 7 | The frequency variation of specimens at various tempering temperatures for 240 min in 15 s.
3.4 Hardness measurement
The specimens are tested on the C scale with a diamond indenter and subjected to a 1.5 kN load for 10 s. Measurements are taken at four positions on the surface of those specimens, spaced 2–4 mm apart, Figure 8.
[image: Figure 8]FIGURE 8 | Locations for measuring hardness on the cylindrical test specimen.
The tempering temperature increases, while keeping the soaking time constant, the hardness values gradually decrease. The average hardness reaches its maximum at over 39.3 HRC when tempering at a medium temperature of 450°C. However, when the temperature is raised to 650°C, it decreases significantly to only 23.8 HRC, Figure 9.
[image: Figure 9]FIGURE 9 | The average hardness of heat-treated horn after different tempering temperatures for 240 min.
3.5 Microstructure
To examine the microstructure, the horn is cut both longitudinally and transversely. In the transverse cross-section, three positions are examined: right at the center (c1), 3 mm from the center towards the edge (c2), and 2 mm from the edge (c3). In the longitudinal direction, measurements are taken right at the center (l1) and at a second point 3 mm away from the first point (l2).
Figure 10 to Figure 15 depict the microstructures of the No. 8, No. 4 and optimal samples. Both the longitudinal and cross sections at a temperature of 450°C/240 min show that the shape of pearlite is similar to needle-like martensite, but with slightly rounded tips, Figure 10 and Figure 11. The spheroidization of pearlite involves the transformation of the shape of the cementite lamellae into a spherical one, Figure 12 and Figure 13. The results of the spherical transformation are most apparent in Figure 14 and Figure 15. Sufficient time for the transformation phase allows for the increase in grain size of pearlite. After processing the images using the ImageJ application, we determined the quantities and average sizes of grains in the microstructures, Table 7. For sample No. 8, the average size of 25,214 grains was 1.727 µm2, (Figure 10D). In the optimal sample, the average size of 15,417 grains was 2.66 µm2, (Figure 12D). Additionally, in sample No. 4, the average size of 13,965 grains was 3.251 µm2, (Figure 14D). The SCM440 steel contains chromium elements. It is evident that these are carbides formed due to the Cr alloying element. In the longitudinal sections of all three samples, the microstructure shows more pronounced carbide precipitation with larger sizes compared to the cross-sections. Increasing the tempering temperature and extending the soaking time result in an increased number and size of carbides formed by alloying elements, Figure 11, Figure 13 and Figure 15.
[image: Figure 10]FIGURE 10 | Microstructure of sample No. 8 of the cross-section: (A) c1, (B) c2, (C) c3 and (D) 400 × image processed using ImageJ application.
[image: Figure 11]FIGURE 11 | Microstructure of sample No. 8 of the longitudinal section: (A) l1, (B) l2.
[image: Figure 12]FIGURE 12 | Microstructure of optimal sample of the cross-section: (A) c1, (B) c2, (C) c3 and (D) 400 × image processed using ImageJ application.
[image: Figure 13]FIGURE 13 | Microstructure of optimal sample of the longitudinal section: (A) l1, (B) l2.
[image: Figure 14]FIGURE 14 | Microstructure of sample No. 4 of the cross-section: (A) c1, (B) c2, (C) c3 and (D) 400 × image processed using ImageJ application.
[image: Figure 15]FIGURE 15 | Microstructure of sample No. 4 of the longitudinal section: (A) l1, (B) l2.
TABLE 7 | The total number of grains and the average cementite grains size processed by ImageJ application.
[image: Table 7]4 CONCLUSION
This paper focuses on the heat treatment of ultrasonic horns through quenching and tempering processes to explore their impact and the interaction of heat treatment process parameters, particularly for SCM440 steel. The key findings are outlined as follows:
a. The study identified the optimal heat treatment conditions for ultrasonic horns as a tempering temperature of 529°C for 240 min, resulting in improved mechanical quality (Qm) with a 1.3% experimental error.
b. The optimal heat-treated ultrasonic horn exhibited the most stable frequency during welding, with a frequency variation of only 64 Hz, compared to 90 Hz and 82 Hz for other samples.
c. The hardness of the specimens decreased as the tempering temperature increased, with the maximum hardness of over 39.3 HRC observed at 450°C, but a significant drop to 23.8 HRC at 650°C.
d. Microstructural analysis revealed the transformation of pearlite and spheroidization, with increased grain sizes in the optimal sample. Carbide precipitation was more pronounced in longitudinal sections and increased with higher tempering temperatures and soaking times
e. The presence of chromium alloying elements in SCM440 steel was identified as contributing to the formation of carbides in the microstructure.
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